INTRODUCTION

A major advance i n t h e Investment c a s t i n g o f nickel-base s u p e r a l l o y s occurred w i t h t h e i n t r o d u c t i o n o f d i r e c t i o n a l s o l i d i f i c a t i o n (I). It was g e n e r a l l y recognized t h a t t h e f r a c t u r e o f p o l y c r y s t a l l i n e m a t e r l a l s a t h i g h temperatures was i n i t i a t e d a t t r a n s v e r s e g r a i n boundaries. The columnar g r a l n s t r u c t u r e produced by d i r e c t i o n a l s o l i d i f i c a t i o n reduced t h e weakening
i n f l u e n c e o f t r a n s v e r s e g r a i n boundaries and p r o v i d e d improved r u p t u r e d u c t i l i t y , creep l i v e s , and thermal f a t i g u e r e s i s t a n c e over c o n v e n t i o n a l l y c a s t s u p e r a l l o y s wqth an equiaxed g r a i n s t r u c t u r e (1,2). The 
development o f s i n g l e c r y s t a l s u p e r a l l o y s was t h e n e x t l o g i c a l s t e p a f t e r t h e p r o d u c t i o n o f d l r e c t l o n a l l y s o l i d i f i e d (DS) columnar g r a i n e d m a t e r i a l . The e l i m i n a t i o n o f a l l o f t h e g r a i n boundaries o f f e r e d t h e p o t e n t i a l o f o p e r a t l n g a t s t i l l h i g h e r temperatures.
However, i t was found e x p e r i m e n t a l l y t h a t [001]-oriented s i n g l e c r y s t a l s had o n l y minor improvements i n p r o p e r t i e s over t h e same a l l o y i n columnar g r a i n e d form (2-3). Thus, I t became apparent t h a t t h e development o f a l l o y s designed s p e c i f i c a l l y f o r s i n g l e c r y s t a l a p p l i c a t i o n s would be necessary f o r improved performance over DS m a t e r i a l s (3-5). One major a l l o y m o d i f i c a t i o n was t h e removal o f t h e g r a i n boundary s t r e n g t h e n i n g elements C, B, Zr, and H f , which caused a s i g n i f i c a n t i n c r e a s e I n i n c l p i e n t m e l t i n g temperature. This
allowed h i g h e r heat t r e a t i n g temperatures t h a t c o u l d more completely d i s s o l v e t h e coarse, primary y 1 present i n as-cast s t r u c t u r e s , so t h a t t h e y ' phase could then be r e -p r e c i p i t a t e d as a f i n e d l s p e r s l o n . Subsequent research has i n v o l v e d o t h e r compositional v a r i a t i o n s I n o r d e r t o o b t a i n f u r t h e r
Improvements I n metal temperature c a p a b i l i t y (5-6).
I t I s recognized t h a t a number of mechanical and p h y s i c a l p r o p e r t i e s are
i m p o r t a n t f o r t u r b i n e blade a p p l i c a t i o n s , and a d l s c u s s i o n o f a l l o f these p r o p e r t i e s I s beyond t h e scope o f t h i s paper. Thus, t h e present paper w i l l focus s p e c i f i c a l l y on t h e i n t e r r e l a t i o n between m i c r o s t r u c t u r a l f e a t u r e s and creep p r o p e r t i e s i n s i n g l e c r y s t a l s u p e r a l l o y s . This area has r e c e i v e d a c o n s l d e r a b l e amount o f a t t e n t i o n r e c e n t l y . I t w i l l be shown t h a t some very s u b t l e changes i n m i c r o s t r u c t u r a l f e a t u r e s can have r a t h e r profound e f f e c t s on t h e p r o p e r t i e s o f these m a t e r i a l s . Although many unanswered questions remain, a reasonably c o n s i s t e n t p i c t u r e o f t h e o p e r a t i v e creep mechanisms has been developed, which can p r o v i d e some g u i d e l i n e s f o r a l l o y and process design.
This review w i l l be d i v i d e d i n t o two c a t e g o r i e s which represent d i f f e r e n t deformation mechanisms: creep around 1000 "C, where d i r e c t i o n a l y ' coarsening i s prominent; and creep around 760 "C, where such coarsenlng i s n e g l l g l b l e .
SUPERALLOY MICROSTRUCTURE
Nickel-base s u p e r a l l o y s d e r i v e much o f t h e i r h i g h temperature s t r e n g t h f r o m a f i n e d i s p e r s i o n o f t h e yl p r e c i p i t a t e . The t y p i c a l as-heat t r e a t e d m i c r o s t r u c t u r e o f modern s i n g l e c r y s t a l s u p e r a l l o y s c o n s i s t s o f approximately 60 v o l X o f t h e y ' p r e c i p i t a t e dispersed i n a m a t r i x o f y. The y ' p r e c i p i t a t e i s u s u a l l y i n t h e f o r m o f cubes o r spheres a f t e r heat treatment; examples o f t y p i c a l heat t r e a t e d m i c r o s t r u c t u r e s a r e shown i n F i g . 1. The I n i t i a l y ' s i z e and shape i s determined by t h e d e t a i l s o f t h e heat treatment as w e l l as by t h e a l l o y composition. A t y p i c a l heat t r e a t m e n t schedule c o n s i s t s o f a s o l u t i o n treatment, a c o a t i n g c y c l e , and a f i n a l age.
The purpose o f t h e s o l u t i o n t r e a t m e n t ( t y p i c a l l y 1300 "C/4 h r ) i s t o d i s s o l v e
t h e coarse as-cast y ' s t r u c t u r e s f o r subsequent r e -p r e c i p i t a t i o n as a f i n e p r o t e c t l v e c o a t l n g ( t y p l c a l l y 1000 "C/S h r ) can a l s o cause some y '
coarsening. Changes i n t h e parameters f o r t h i s c y c l e have r e c e i v e d renewed
The h e a t i n g c y c l e f o r a p p l i c a t i o n o f a i n t e r e s t because t h i s c o a t i n g c y c l e has been demonstrated (9) (10) (11) t o have a s t r o n g i n f l u e n c e on p r o p e r t i e s . The f i n a l age ( t y p i c a l l y 870 "C/20 h r ) may cause some a d d i t i o n a l coarsening. T h i s age appears t o have o r i g i n a t e d w i t h t h e use o f p o l y c r y s t a l l i n e s u p e r a l l o y s , and t o t h e present authors, i t s e f f e c t s on s i n g l e c r y s t a l s appears t o be small.
The shape o f small y ' p a r t i c l e s i s u s u a l l y s p h e r i c a l , as a r e s u l t o f t h e m i n i m i z a t i o n o f s u r f a c e energy. As t h e p a r t i c l e s coarsen, t h e i r shape tends t o change t o a c u b o i d a l morphology, which I s due t o t h e e l a s t i c coherency strains between y and yl, and t o the elastic interaction between adjacent yl particles (u,u) . At larger sizes, the particles can become semi-coherent in some alloys and assume a more irregular shape (€l,l4 (15) . The raft thickness and interlamellar spacing remain constant throughout most . o f t h e creep t e s t , and t h i s i s an i n d i c a t i o n o f t h e s t a b i l i t y o f t h e r a f t e d s t r u c t u r e once i t i s formed. These y-y' l a m e l l a r s t r u c t u r e s were more f i n e l y -s p a c e d and more e x t e n s i v e l a t e r a l l y i n comparison t o t h e y ' s t r i n g e r s and 2) a s o l u t i o n t r e a t m e n t p l u s a simulated c o a t i n g c y c l e o f 1080 "C f o r 4 h r , and a f i n a l age o f 870 "C f o r 16 h r . Subsequent t e s t i n g o f these two specimens a t 1038 O C i n d i c a t e d t h a t t h e s o l u t i o n e d o n l y specimen had a creep l i f e which was a t l e a s t f o u r times g r e a t e r t h a n t h a t o f t h e specimen g i v e n a simulated c o a t i n g c y c l e p l u s age. The reason f o r t h i s d i f f e r e n c e was a t t r i b u t e d t o t h e m i c r o s t r u c t u r a l f e a t u r e s which evolved d u r i n g t e s t l n g . The s o l u t i o n e d o n l y m a t e r i a l developed continuous, f i n e y-y' lamellae; whereas t h e specimen given the coating cycle had a much coarser and less well developed lamellar s t r u c t u r e (u).
s t r u c t u r e has s u p e r i o r e l e v a t e d temperature creep p r o p e r t i e s i n comparison t o t h e same a l l o y which does n o t undergo d i r e c t i o n a l coarsening t o t h e same e x t e n t .
This t h e n l e d t o t h e c o n c l u s i o n t h a t a f i n e l y -s p a c e d r a f t e d
The y-y' l a m e l l a e a r e b e l i e v e d t o s t r e n g t h e n t h e m a t e r l a l f o r creep, because t h e morphology o f t h e y ' phase e s s e n t i a l l y e l i m i n a t e s y ' p a r t i c l e by-passing (9,lO), which i s t h e creep mechanism n o r m a l l y o p e r a t i v e i n c o n v e n t i o n a l nickel-base s u p e r a l l o y s a t e l e v a t e d temperatures and l o w stresses (23.24) .
By p r e v e n t i n g t h e dominant creep mechanism f r o m o c c u r r i n g under these t e s t i n g c o n d i t i o n s , s i g n i f i c a n t deformation can proceed o n l y by t h e more s l u g g i s h process o f shearing o f t h e y ' phase. Evidence o f y ' shearing has been observed i n r a f t s d u r i n g creep i n CMSX-2 (E) and i n NASAIR 100 ( 2 0 ) . I t has been f u r t h e r p o s t u l a t e d (!I,B,20) t h a t t h i s shearing mechanism i s a l s o i n h i b i t e d by t h e densely-spaced networks o f m i s f i t d i s l o c a t i o n s which develop a t t h e y-y' i n t e r f a c e s . Although shear through t h e y-yI i n t e r f a c e i s considered t o be t h e r a t e l i m i t i n g step i n t h e deformation process, s l i p I n t h e y and y l phases a l s o appears t o be i m p o r t a n t .
y ' S i z e E f f e c t s
MacKay and Ebert (8, 16, 19 ) f u r t h e r extended t h e work o f Pearson by making q u a n t i t a t i v e measurements o f t h e r a f t development i n A l l o y 143 d u r i n g creep a t v a r i o u s temperatures and s t r e s s l e v e l s . The development o f r a f t i n g was examined f o r t h r e e d i f f e r e n t s t a r t i n g m l c r o s t r u c t u r e s ; F i g . 
r a t e which was a t l e a s t a f a c t o r o f t e n f a s t e r than e i t h e r t h e a i r quenched o r aged s i n g l e c r y s t a l s i n F i g s . 3 ( b ) and ( c ) , r e s p e c t i v e l y . The a l i g n e d and closely-spaced cuboidal p a r t i c l e s i n t h e o i l quenched c o n d i t i o n appeared t o have hastened t h e development o f t h e r a f t s , p a r t l y because t h e d i s t a n c e f o r d i f f u s i o n was reduced. I n a d d i t i o n , m i s f i t d i s l o c a t i o n s a t t h e y-y' i n t e r f a c e s can consume some o f t h e e l a s t i c coherency s t r a i n s present i n t h e i n i t i a l c o n d i t i o n , thereby reducing t h e d r i v i n g f o r c e f o r r a f t i n g . As a r e s u l t , t h e l a c k o f m i s f i t d i s l o c a t i o n s i n t h e o i l quenched c o n d i t i o n allowed
t h e f u l l d r i v i n g f o r c e f o r d i r e c t i o n a l coarsening t o be present i n i t i a l l y , thereby f o s t e r i n g a r a p i d r a f t i n g r a t e .
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The t h r e e i n l t i a l m i c r o s t r u c t u r e s i n F i g . 3 a l s o had a s i g n i f i c a n t e f f e c t
on b o t h t h e creep p r o p e r t i e s and t h e subsequent r a f t morphologies (s).
shown i n F i g . 4 
( a ) , t h e creep l i f e c o u l d be increased by a f a c t o r o f t h r e e , by
As r e d u c i n g t h e i n i t i a l p a r t i c l e s i z e t o 0.15 pm through an o i l quench. I t was found t h a t t h e t h i c k n e s s o f t h e r a f t s which formed was equal t o t h e i n i t i a l y ' s i z e p r i o r t o t e s t i n g . Thus, t h e 011 quenched s i n g l e c r y s t a l s , which had t h e f i n e s t y ' s i z e , a l s o had t h e f i n e s t y l r a f t t h i c k n e s s , and consequently, t h e l a r g e s t number o f y-y' i n t e r f a c e s p e r u n i t volume.
Since i t i s b e l i e v e d t h a t t h e i n t e r f a c e s a r e s t r o n g b a r r i e r s t o d i s l o c a t i o n motion and y '
shearing, t h e n a l a r g e r number o f i n t e r f a c e s should reduce creep deformation and improve creep p r o p e r t i e s . Comparison o f t h e f u l l y developed l a m e l l a e i n
F i g . 5 w i t h t h e corresponding creep curves i n F i g . 4(a) shows t h a t t h e p r o p e r t i e s improved as t h e r a f t t h i c k n e s s decreased and t h e number o f y-y'
i n t e r f a c e s increased. 
t a r t i n g c o n d i t i o n s a r e i l l u s t r a t e d I n F i g . 6. The t w o -f o l d improvement i n creep l i f e was a t t r i b u t e d t o t h e s l i g h t l y more r e g u l a r y-yI
l a m e l l a e ( F i g . 6 ( b ) ) which were observed a f t e r 20 h r o f creep i n t h e c r y s t a l s h a v i n g t h e i n i t i a l l y l a r g e r y l p a r t i c l e s .
I t was p o s t u l a t e d t h a t d i s l o c a t i o n by-passing would be more d i f f i c u l t i n t h e r a f t e d s t r u c t u r e having t h e h i g h e r
degree o f p e r f e c t i o n . However, one p u z z l i n g f e a t u r e was t h a t t h e m i c r o s t r u c t u r a l d i f f e r e n c e s between t h e two y l morphologies i n F i g . 6 
d i d n o t p e r s i s t throughout t h e creep curve, as i t was n o t p o s s i b l e t o d i s t i n g u i s h between t h e two r a f t e d morphologies d u r i n g t h e l a t e r stages o f secondary creep (U).
As demonstrated i n F i g . 4, t h e r e s u l t s described f o r t h e CMSX-2 a l l o y (U) a r e i n d i r e c t c o n t r a s t t o those r e p o r t e d f o r A l l o y 143 ( 8 ) .
i n CMSX-2, t h e d e t r i m e n t o f I n c r e a s i n g t h e r a f t thickness was more than compensated f o r by t h e b e n e f i t s o f improving t h e p e r f e c t i o n o f t h e r a f t e d s t r u c t u r e . I t should be noted t h a t t h e increases i n r a f t p e r f e c t i o n i n CMSX-2 were accomplished by an increase i n y l s i z e . Secondly, o n l y s l i g h t changes i n r a f t p e r f e c t i o n appeared t o have a l a r g e e f f e c t on creep l i f e i n t h i s a l l o y S i m i l a r s u b t l e improvements i n p e r f e c t i o n o f t h e r a f t s i n A l l o y 143 can a l s o be seen i n F i g .
5, although this was accomplished by a decrease In Initial y ' s i z e . F u r t h e r research i s necessary i n order t o c l a r i f y t h e i n f l u e n c e s o f y '
s i z e and t h e r e l a t i v e importance o f y t p l a t e refinement versus r a f t d i f f e r e n c e i n magnitude of t h e l a t t i c e mismatch between CMSX-2 and A l l o y 143 i s a l i k e l y source f o r t h e d i f f e r e n t creep response observed as a f u n c t i o n o f i n i t i a l y ' s i z e . This w i l l be discussed i n more d e t a i l i n t h e n e x t s e c t i o n .
L a t t i c e Mismatch
The s i g n and magnitude o f t h e l a t t i c e mismatch between t h e y m a t r i x and t h e y ' and creep r e s i s t a n c e o f OS and s i n g l e c r y s t a l a l l o y s . mismatch d i s g i v e n by Eq. ( 1 ) , where a and a a r e t h e l a t t i c e parameters o f t h e two phases:
p
r e c i p i t a t e i s another f a c t o r which can i n f l u e n c e t h e m i c r o s t r u c t u r e
The unconstrained
The s i g n o f 6 determines t h e o r i e n t a t i o n o f t h e r a f t e d s t r u c t u r e w i t h respect t o t h e a p p l i e d s t r e s s (18, 25, 26) . Although e l a s t i c modulus mismatch has a l s o been shown t o be i m p o r t a n t (s, 27) , i t has been demonstrated t h a t s u p e r a l l o y s w i t h n e g a t i v e and p o s i t i v e values of l a t t i c e mismatch form r a f t s p e r p e n d i c u l a r and p a r a l l e l , r e s p e c t i v e l y , t o t h e a p p l i e d t e n s i l e a x i s . Apparent exceptions t o t h e above r u l e stem from u s i n g room temperature mismatch measurements t o e x p l a i n t h e o r i e n t a t i o n o f t h e r a f t s . F i g u r e 7 i l l u s t r a t e s t h e e f f e c t o f e l e v a t e d temperature l a t t i c e mismatch on y ' r a f t o r i e n t a t i o n . I t can be seen t h a t t h e s i g n o f t h e mismatch can change f r o m p o s i t i v e t o n e g a t i v e as temperature i s increased (25,281.
L a t t i c e mismatch can a l s o i n f l u e n c e t h e r a t e o f d i r e c t i o n a l coarsening by p r o v i d i n g p a r t o f t h e d r i v i n g f o r c e f o r t h a t process. Nathal e t a l . (25) have shown t h a t a l l o y s w i t h h i g h e r magnitudes o f mismatch develop y ' r a f t s a t a f a s t e r r a t e d u r j n g creep. However, even a l l o y s w i t h lower l e v e l s o f l a t t l c e mismatch (about -0.2 p e r c e n t ) had formed t h e r a f t e d s t r u c t u r e w i t h i n t h e f i r s t 20 percent o f t h e i r creep l i v e s a t low s t r e s s l e v e l s . Therefore, t h e r a t e o f r a f t f o r m a t i o n does n o t appear t o be t h e major i n f l u e n c e on creep p r o p e r t i e s under these t e s t i n g c o n d i t i o n s . Perhaps t h e major i n f l u e n c e of l a t t i c e mlsmatch on hqgh t e m p e r a t u r e creep b e h a v i o r i s through t h e s t r e n g t h of t h e y-y'
i n t e r f a c e . Higher magnitudes o f d would r e s u l t i n a f i n e r m i s f i t 
i n c r e a s e i n t h e number o f i n t e r f a c e s may be I n f l u e n t i a l . optimum creep p r o p e r t i e s a t s i g n i f i c a n t l y d i f f e r e n t i n i t i a l p a r t i c l e s i z e s . In a subsequent study,
This i s an i m p o r t a n t o b s e r v a t i o n t o remember when, f o r example, a l l o y s a r e compared t o see supposed compositional e f f e c t s .
A l l o y i n g E f f e c t s I t I s d i f f i c u l t t o make g e n e r a l i z a t i o n s about a p a r t i c u l a r element because o f t h e s e n s i t i v i t y o f p r o p e r t i e s t o m i c r o s t r u c t u r a l f e a t u r e s and t e s t i n g c o n d i t i o n s , as has been discussed above. Temperature, a p p l i e d s t r e s s , c r y s t a l o r i e n t a t i o n , and heat t r e a t m e n t must a l l be taken i n t o account when a l l o y m o d i f i c a t i o n s a r e s t u d i e d . Furthermore, an a l l o y i n g element f r e q u e n t l y e f f e c t s s e v e r a l m i c r o s t r u c t u r a l f e a t u r e s simultaneously, and i t s r o l e s car! be changed by t h e presence o r absence o f o t h e r elements i n t h e a l l o y . For example, t h e removal o f g r a i n boundary s t r e n g t h e n i n g elements has allowed s i g n i f i c a n t o p p o r t u n i t i e s f o r a l l o y m o d i f i c a t i o n . With t h e r e d u c t i o n i n carbon
Removal of Co also resulted in precipitation of the W-rich precipitates a
and p in NASAIR 100 (35 (1, 20) and Khan (37) concluded that microporosity appeared t o be a more significant defect than the small quantities of p phase in the materials studied. 
In a series of and t o mobile d i s l o c a t i o n s would i n c r e a s e t h e creep r e s i s t a n c e o f an a l l o y .
These e f f e c t s would be most prominent a t o r near s a t u r a t i o n . Other r e f r a c t o r y elements could produce s i m i l a r e f f e c t s on creep behavior as d i d Mo. Since b o t h undersaturated (39) and supersaturated (El) a l l o y s had reduced p r o p e r t i e s , i t can be seen t h a t a narrow compositional range e x i s t s w i t h i n which t h e mechanjcal p r o p e r t i e s a r e optimized.
Rhenium appears t o be becoming I n c r e a s i n g l y i m p o r t a n t as an a l l o y i n g element I n s i n g l e c r y s t a l s u p e r a l l o y s . Rhenium p a r t i t i o n s s t r o n g l y t o and strengthens t h e y phase, and a d d i t i o n s o f t h i s element on t h e order o f 2 t o 6 ut % s i g n i f i c a n t l y reduce unstressed y l coarsening r a t e s , a p p a r e n t l y
because o f i t s slow d i f f u s i o n away from t h e y -y ' i n t e r f a c e s (40). This i s an i n d i c a t i o n o f s t r u c t u r a l s t a b i l l t y , which i s probably r e f l e c t e d i n improved creep p r o p e r t i e s as w e l l .
Creep Anlsotropy
The r e s u l t s descrlbed i n t h e previous s e c t i o n s have m a i n l y i n v o l v e d p r o p e r t i e s o f [ 0 0 1 ] -o r i e n t e d c r y s t a l s . Although [ O O l ] i s t h e p r e f e r r e d growth d i r e c t i o n and thus i s t h e e a s i e s t t o produce, advanced processing techniques enable o t h e r o r i e n t a t i o n s t o be considered f o r a p p l i c a t i o n . As shown i n F i g . 8 ( a ) , c r y s t a l l o g r a p h i c o r i e n t a t i o n d i d n o t have a s i g n i f i c a n t i n f l u e n c e on t h e creep r u p t u r e l i v e s o f MAR-M200 ( 4 l ) and MAR4247 (42) s i n g l e c r y s t a l s a t temperatures around 980 "C. T h i s was t h e r e s u l t o f several s l i p systems becoming o p e r a t i v e a t e l e v a t e d temperatures (u).
I n c o n t r a s t , some modern a l l o y s such as A l l o y 143 (10) and SC 7-14-6 (43) e x h i b i t e d creep p r o p e r t i e s which were h i g h l y a n i s o t r o p i c a t e l e v a t e d
temperatures. This behavior i s i l l u s t r a t e d f o r A l l o y 143 I n F l g . 8 ( b ) ;
Pearson and co-workers (10) a t t r i b u t e d t h i s a n i s o t r o p y t o t h e d i f f e r e n t y '
p r e c i p i t a t e morphologies which developed d u r i n g creep t e s t i n g .
c r y s t a l s w i t h a [ 1 1 2 ] -o r i e n t a t i o n developed p l a t e s i n c l i n e d 35' t o t h e a p p l i e d For example, s t r e s s a x i s , r o d morphologies developed p a r a l l e l t o t h e a p p l i e d s t r e s s I n [ I l O J -o r i e n t e d c r y s t a l s , and t h r e e i n t e r c o n n e c t i n g p l a t e s developed on cube planes i n t h e [ i l l ] -o r i e n t e d c r y s t a l s .
However, t h e c r y s t a l s g i v e n a simulated c o a t i n g c y c l e i n Ref.
e s . T h i s suggests t h a t o t h e r e f f e c t s may
be c o n t r i b u t i n g t o creep a n i s o t r o p y besides y l morphology. Shah (44) has shown t h a t s i n g l e phase N i 3 A 1 i s a l s o h i g h l y a n i s o t r o p i c , and c l e a r l y t h i s e f f e c t i s n o t due t o p r e c i p i t a t e shape. R e f r a c t o r y elements such as T i , Nb, and Ta p a r t i t i o n p r e f e r e n t i a l l y t o y ' and may c o n t r i b u t e t o creep s t r e n g t h e n i n g and a n i s o t r o p y by changing t h e magnitude o f APB energies on {ill} 
and { O O l } planes (30). Thus, i t seems p o s s i b l e t h a t t h e compositions
o f t h e y and y ' phases a r e a l s o important i n determinlng t h e a n i s o t r o p y of s u p e r a l l o y s .
CREEP AROUND 760 "C A t 760 "C, t h e d i f f u s i o n r a t e s a r e t o o slow f o r y ' r a f t i n g t o occur t o any s i g n i f i c a n t e x t e n t . However, many o f t h e same f a c t o r s i n f l u e n c e t h e creep p r o p e r t i e s a t 760 "C, although i n d i f f e r e n t ways from t h e behavior a t t e m p e r a t u r e s around 1000 O C .
The i n f l u e n c e o f y ' s i z e , alloy c o m p o s i t i o n ,
and c r y s t a l o r i e n t a t i o n w i l l be discussed below.
y l
Size E f f e c t s
The e f f e c t o f y ' p r e c i p i t a t e s i z e and shape on creep i n t h e CMSX-2 a l l o y was i n v e s t i g a t e d a t 760 "C by Khan and co-workers (n,B). Two d i f f e r e n t heat treatments were employed: one promoted a m i c r o s t r u c t u r e w i t h i r r e g u l a r l y shaped and d i s t r i b u t e d y ' p a r t i c l e s having mean s i z e s r a n g i n g from 0.25 t o 0.35 pm;
and t h e second provided a l i g n e d , cuboidal p a r t i c l e s having a mean s i z e o f about 0.45 pm. The s i n g l e c r y s t a l s w i t h t h e l a r g e r , cuboidal p r e c i p i t a t e s developed a homogeneous deformation s t r u c t u r e d u r i n g primary creep and low s t e a d y -s t a t e creep r a t e s .
experienced heterogeneous deformation d u r i n g t h e primary creep stage, a l a r g e amount o f primary creep s t r a i n , and a creep l i f e which was about h a l f t h a t o f t h e cuboidal m a t e r i a l .
The m i c r o s t r u c t u r e w i t h t h e i r r e g u l a r l y -s h a p e d p a r t i c l e s
Khan (37.
t i c e p a r t i a l d i s l o c a t i o n s . T h i s t y p e o f shearing mechanism i s c h a r a c t e r i z e d by i n t r i n s i c / e x t r i n s l c s t a c k i n g f a u l t s t h a t extend over many p r e c i p i t a t e s , s i m i l a r t o t h a t i n F i g . 9 ( a ) . As seen i n F i g . 10, t h i s l e a d t o a c o n s i d e r a b l e e x t e n t o f p r i m a r y creep b e f o r e t h e s t r u c t u r e was unlforrnly s t r a i n hardened, which i s necessary f o r t h e t r a n s i t i o n i n t o s t e a d y -s t a t e creep.
On t h e o t h e r hand, t h e m a t e r i a l c o n t a i n i n g t h e l a r g e r y ' e x h i b i t e d Orowan l o o p i n g around t h e y ' p a r t i c l e s by a/2<110> d i s l o c a t i o n s , such as t h a t seen i n F i g . 9 ( b ) . T h i s deformation was much more homogeneous, as shown i n F i g . 9 ( c ) .
t h e y-y' i n t e r f a c e s promoted e f f i c i e n t s t r a i n hardening and l i m i t e d t h e e x t e n t o f primary creep. Thus, i t can be seen t h a t t h e s p e c i f i c deformation mechanism, e i t h e r p a r t i c l e shearing o r looping, i n f l u e n c e s t h e e x t e n t o f primary creep, and i n many a l l o y s t h e amount o f primary creep d i r e c t l y a f f e c t s t h e minimum creep r a t e s and r u p t u r e l i v e s (u, 37,42,p5-47) . The MXON a l l o y (45) i s an exception t o t h i s t r e n d , s i n c e a refinement i n y t s i z e caused a change i n t h e primary creep mechanism and i n t h e amount o f primary creep s t r a i n , and y e t d i d n o t ' a f f e c t t h e steady-state creep r a t e and r u p t u r e l i f e . This may be r e l a t e d t o t h e f a c t t h a t b o t h t h e f i n e and coarse p a r t i c l e s were cuboidal i n t h i s a l l o y .
A l l o y i n g E f f e c t s
The i n f l u e n c e o f a l l o y i n g a d d i t i o n s has n o t been e x t e n s i v e l y s t u d i e d d u r i n g i n t e r m e d i a t e temperature creep. Khan and co-workers (37, 45) i n v e s t i g a t e d t h e e f f e c t s o f Co i n t h e MXON a l o y base d u r i n g creep a t 760 "C.
When t h e Co content was r a i s e d from 5 t o 7.5 w t X, t h e e x t e n t o f primary creep became q u i t e l a r g e , as i l l u s t r a t e d i n F i g . 11. Both t h e 5 and 7.5 Co MXON versions had cuboidal y ' o f approximately t h e same s i z e . Again, t h e e x t e n s i v e primary creep s t r a i n i n t h e MXON-7.5 Co a l l o y was a t t r i b u t e d t o t h e was heterogeneous n a t u r e o f t h e primary creep deformation behavior, which c h a r a c t e r i z e d by y ' shearing by {111)<112> s l i p over long distances Leverant and co-workers (48) have suggested t h a t elements such as Co, Mo, and ' . Cr lower t h e s t a c k i n g f a u l t energy o f t h e m a t r i x , which f a c i l i t a t e s t..e Khan suggests t h a t t h e l o w e r i n g o f t h e SFE i s p r i m a r i l y r e s p o n s i b l e f o r t h e l a r g e amount o f primary creep s t r a i n observed when t h e Co c o n t e n t i s increased
(37).
However, an a l t e r n a t i v e e x p l a n a t i o n f o r t h e i n f l u e n c e o f Co on t h e p r l m a r y creep behavior o f MXON a l l o y s appears t o be e q u a l l y p l a u s i b l e .
A n s e l l (28) have shown, although i n h i g h e r s t r a i n r a t e t e s t s , t h a t low m i s f i t a l l o y s have a tendency t o deform by y ' h i g h m i s f i t a l l o y s tend t o e x h i b i t p a r t i c l e by-passing mechanisms.
i n c r e a s i n g t h e Co content i n NASAIR 100 d e r i v a t i v e s has been shown t o decrease t h e magnitude o f t h e l a t t i c e mismatch (25, 35) . decrease i n t h e magnitude o f mismatch accompanies t h e i n c r e a s e i n Co l e v e l i n t h e MXON a l l o y s e r i e s , which i n t u r n may be a t l e a s t p a r t i a l l y r e s p o n s i b l e f o r 
They found t h a t a l l o y s w i t h low mismatch Creep Anisotropy
The creep r u p t u r e p r o p e r t i e s o f MAR4200 (41, 49) and MAR4247 (42.46) s i n g l e c r y s t a l s were found t o have a s t r o n g dependence on o r i e n t a t i o n a t temperatures around 760 "C.
Primary creep occurred by s l i p on t h e {111}<112> s l i p systems (46.49) . Second-stage creep began o n l y a f t e r s u f f i c i e n t s t r a i n
hardening occurred from t h e i n t e r a c t i o n o f two o r more i n t e r s e c t i n g {111}<112>
s l i p systems ( 4 9 ) .
l i f e i s presented i n F i g . 12 f o r MAR-M200 and MAR4247 s i n g l e c r y s t a l s i n ' t h i s temperature regime. MacKay and Maier (45) found t h a t t h e r u p t u r e l i v e s were g r e a t l y i n f l u e n c e d by t h e l a t t i c e r o t a t i o n s r e q u i r e d t o produce i n t e r s e c t i n g s l i p . C r y s t a l s which r e q u i r e d l a r g e r o t a t i o n s t o become o r i e n t e d f o r i n t e r s e c t i n g s l i p e x h i b i t e d t h e s h o r t e s t creep l i v e s , because these c r y s t a l s experienced l a r g e primary creep s t r a i n s and e i t h e r 1 ) f a i l e d d u r i n g primary creep, o r 2 ) underwent h i g h t r u e s t r e s s l e v e l s a t t h e onset o f s t e a d y -s t a t e creep. Again, t h e r e l a t i o n s h i p between primary creep s t r a i n , s t e a d y -s t a t e creep r a t e , and r u p t u r e l i f e i s e v i d e n t . However, t h i s a n i s o t r o p y was much l e s s pronounced t h a n t h a t e x h i b i t e d by MAR4200 and
MAR-M247. The reasons f o r t h i s behavior a r e n o t c l e a r a t t h i s time, although
t h e present authors would l i k e t o suggest a few p o s s i b i l i t i e s . F i r s t , t h e compositions of t h e y l and y phases may i n f l u e n c e a n i s o t r o p y , as was ---I ---- 
